Abstract. Human-impacted forests are increasing in extent due to widespread regrowth of secondary forests on abandoned lands. The degree and speed of recovery from human disturbance in these forests will determine their value in terms of biodiversity conservation and ecosystem function. In areas subject to periodic, severe natural disturbances, such as hurricanes, it has been hypothesized that human and natural disturbance may interact to either erase or preserve land use legacies. To increase understanding of how interactions between human and natural disturbance influence forest regeneration and recovery, we monitored seedlings in a human-and hurricane-impacted forest in northeastern Puerto Rico over a ;10-yr period and compared seedling composition and dynamics in areas that had experienced high-and low-intensity human disturbance during the first half of the 20th century. We found that land use history significantly affected the composition and diversity of the seedling layer and altered patterns of canopy openness and seedling dynamics following hurricane disturbance. The area that had been subject to high-intensity land use supported a higher density, but lower diversity, of species. In both land use history categories, the seedling layer was dominated by the same two species, Prestoea acuminata var. montana and Guarea guidonia. However, seedlings of secondary-successional species tended to be more abundant in the high-intensity land use area, while late-successional species were more abundant in the low-intensity area, consistent with patterns of adult tree distributions. Seedlings of secondaryforest species showed greater increases in growth and survival following hurricane disturbance compared to late-successional species, providing support for the hypothesis that hurricanes help preserve the signature of land use history. However, the increased performance of secondary-forest species occurred predominantly in the low-intensity land use area, suggesting that hurricanes act to homogenize differences in species composition between areas with differing land use histories by increasing secondary-forest species regeneration in areas that experienced little direct human disturbance. Our results suggest that, through effects on seedling dynamics, hurricanes may extend the signature of land use history beyond the average recovery time of forests not subject to intense natural disturbance events.
INTRODUCTION
It is now widely accepted that the majority of forests worldwide have been impacted to some degree by human activity (Go´mez-Pompa and Kaus 1992 , Clark 1996 , Chazdon 2003 . In fact, secondary and degraded forests now cover a larger area than remaining old growth forests (ITTO 2002) . In the tropics, the extent of secondary forests is expected to increase as forests continue to regenerate following human land use and subsequent abandonment (Wright 2005) . In these secondary forests, land use history can have a significant, long-term signature on species composition (Garcı´a-Montiel and Scatena 1994 , Finegan 1996 , Gauriguata and Ostertag 2001 , Rhemtulla et al. 2009 ), diversity (Rivera et al. 2000 , Dambrine et al. 2007 , and ecosystem function (Silver et al. 2000 , Chazdon 2008 , Kauffman et al. 2009 ), often exceeding the influence of geography or environmental factors (Foster et al. 1998a , Burslem et al. 2000 Boucher et al. 2001 , Thompson et al. 2002 . Recent debate on the conservation value of secondary forests in the tropics remains unresolved due, in part, to a lack of data on the ability of these forests to fully recover from past human disturbance (Gardner et al. 2007 ).
In addition to human impacts, forest communities are shaped by a variety of natural disturbances (Sousa 1984, Pickett and White 1985) . Much attention has been given to small-scale disturbance associated with tree fall gaps (e.g., special feature in Ecology 70(3), 1989); however, many forests also experience periodic, severe disturbances, such as wind storms, fires, and droughts Brokaw 1996, Whitmore and Burslem 1998) . These large-scale natural disturbances may interact with human disturbance in a number of ways that could result in short-term, long-term, or permanent shifts in forest composition and ecosystem function (Chazdon 2003 , Uriarte et al. 2004b , 2009 , Catterall et al. 2008 . For example, increasing dominance of fastgrowing pioneer and secondary-forest species, which typically have lower wood densities (Swaine and Whitmore 1988 , Muller-Landau 2004 , King et al. 2005 , could alter the long-term carbon storage capacity of forests (Korner 2004) . Understanding shifts in species composition that result from interactions between human and natural disturbance is, therefore, critical for predicting the future structure and long-term conservation value of these forests (Paine et al. 1998) and evaluating their role in climate change mitigation.
In temperate and tropical forests of many coastal regions, cyclonic storms, referred to as hurricanes, typhoons, or cyclones, are a major cause of natural disturbance (Boose et al. 1994 , Everham and Brokaw 1996 , Lugo 2008 . These storms typically result in defoliation, branch and stem breakage, uprooting, and tree mortality (Brokaw and Walker 1991 , Zimmerman et al. 1994 , Everham and Brokaw 1996 . Previous studies have shown that human land use history affects the extent and spatial distribution of damage during these storms because secondary-forest species are more likely to be damaged by hurricane-force winds (Zimmerman et al. 1994 , Burslem and Whitmore 1999 , Franklin et al. 2004 . Therefore, it has been hypothesized that cyclonic storms may act to erase the signature of past land use by hastening the decline of secondary-forest species and causing a shift toward late-successional species that are less susceptible to damage during intense storm events (Zimmerman et al. 1994 , Ogle et al. 2006 .
Changes in forest composition as a result of hurricane disturbance are not only caused by adult tree damage and mortality, but may also be influenced by patterns of recruitment following storms. In human-impacted forests, the greater damage to adult trees of secondary-forest species could lead to conditions in the understory that favor the recruitment and survival of their seedlings. Specifically, greater damage to the canopy increases understory light levels, which, in turn, may favor seedlings of light-demanding species characteristic of secondary forests. Thus, rather than hasten the decline of secondaryforest species, major storms could help such species persist through higher recruitment ).
Despite the influence of seedling dynamics on future forest composition, community-level studies of seedlings in secondary tropical forests are rare (Capers et al. 2005) . Furthermore, existing studies have predominantly been carried out in areas that do not experience severe natural disturbances (e.g., Guariguata et al. 1997 , Capers et al. 2005 , Norden et al. 2009 ). Thus, there is a lack of information on how land use history may alter the speed and trajectory of forest recovery via effects on seedling dynamics following large-scale natural disturbances.
To increase understanding of how interactions between human and natural disturbance influence forest regeneration and recovery, we established a communitywide study of seedlings in a hurricane-impacted forest in Puerto Rico that was subjected to a variety of human impacts in the first half of the 20th century. Here we describe changes in the seedling layer over a ;10-yr period following hurricane disturbance and compare woody seedling diversity and dynamics in areas with differing land use histories. Using these data, we test the hypothesis that hurricanes act to preserve land use legacies by promoting the successful regeneration of secondary-forest species. We predicted that, due to interactions between natural and human disturbance, hurricane-driven increases in seedling growth and survival would favor the regeneration of secondaryforest species in areas that had been subjected to a high intensity of past human land use.
METHODS

Study site
The study was conducted in the 16-ha Luquillo Forest Dynamics Plot (LFDP) in northeastern Puerto Rico (18820 0 N, 65849 0 W; see Plate 1). Rainfall at the site averages 3500 mm per year. A drier period occurs from January through April, but all months receive .200 mm of rain (Thompson et al. 2004) . Elevation in the LFDP ranges from 333 to 428 m above sea level (Fig. 1) . All free-standing woody stems !1 cm dbh (diameter at 1.3 m above ground) in the LFDP have been tagged, mapped, and identified to species at roughly 5-year intervals since 1990 (Thompson et al. 2002 (Thompson et al. , 2004 . The forest of the LFDP contains ;13 000 stems !10 cm dbh of 89 tree species (Thompson et al. 2002) and is classified as subtropical wet in the Holdridge life zone system (Ewel and Whitmore 1973) and tropical montane in Walsh's (1996) tropical climate system. The forest type is referred to locally as ''tabonuco forest,'' after one of the dominant tree species, Dacryodes excelsa Vahl (Thompson et al. 2002) .
Disturbance history
Natural disturbance.-The Luquillo forest was struck by Hurricane Hugo, a category 4 hurricane, in September 1989 (Scatena and Larsen 1991) and nine years later, on 21 September 1998, by Hurricane Georges, a category 3 storm with sustained winds of 184 km/h and gusts up to 241 km/h (Ostertag et al. 2003) . Both hurricanes caused significant damage to the forest canopy in the Luquillo forest, including defoliation, branch breakage, stem snaps, tip-ups, and tree mortality (Walker 1991 , Zimmerman et al. 1994 , Ostertag et al. 2005 , Ogle et al. 2006 ).
Human disturbance.-Portions of the LFDP were disturbed by humans prior to 1934, when the USDA Forest Service bought the land, effectively ending agriculture and logging in the area. Detailed land use history of the LFDP, based on aerial photos, historical records, and tree community at the time of Hurricane Hugo, can be found in Thompson et al. (2002) . Using that information, we divided the LFDP into two different land use history categories for the purposes of this study (Fig. 1) . We classified the northern twothirds of the LFDP as having a high intensity of past human disturbance. This area had 80% canopy cover in aerial photographs taken in 1936 (cover classes 1-3 in Thompson et al. 2002) , as a result of heavy logging early in the 20th century, followed by about a decade of smallscale farming of a variety of crops (e.g., shade coffee, fruit trees) intermingled with remnants of the forest. The southern third of the plot was classified as having a low intensity of human disturbance (Fig. 1) . This portion of the LFDP had .80% canopy cover in aerial photographs taken in 1936 (cover class 4 in Thompson et al. 2002) . The area had been subject to limited selective logging and timber stand improvement prior to 1953, but had not been clear-cut or used for agriculture (Thompson et al. 2002) . Stem density and basal area are similar in the two land use history categories; however, land use history has a clear influence on present-day tree species composition, more so than differences in topography or soil type (Garcı´a-Montiel 2002, Thompson et al. 2002; Fig. 1) . A palm, Prestoea acuminata (Willd.) H.E. Moore var. montana (Graham) A. Hend. & G. Galeano, is the dominant species among individuals !10 cm dbh in both portions of the plot, but has a higher relative abundance in the high-intensity land use history area. Abundant trees in the low-intensity land use area include late-successional species Dacryodes excelsa (Fig. 1) , Manilkara bidentata (A. DC.) A. Chev, and Sloanea berteriana Choisy ex DC. In contrast, common trees in the high-intensity land use area include the secondary-forest species Casearia arborea (Rich.) Urb. (Fig. 1 ) and the pioneer species Cecropia schreberiana Miq. These differences in tree species composition drive the spatial distribution of hurricane damage because the species that colonized the more human-disturbed area tend to be more vulnerable to hurricane damage than late-successional species (Zimmerman et al. 1994 , Thompson et al. 2002 .
Seedling censuses
Following Hurricane Georges in September 1998, 150 seedling plots (1 3 2 m) were established at ;20-m intervals along six north-south running transects spaced 60 m apart (Uriarte et al. 2005 , Comita et al. 2009 ; Fig.  1 ). Forty-nine of these plots were located in the area of the LFDP with low human disturbance, and the remaining 101 plots were in the high human disturbance area. From March-April 2000 all free-standing, woody seedlings !10 cm tall and ,1 cm diameter at breast height (dbh) within the seedling plots were tagged, measured for height and root collar diameter, and identified to species. The seedling plots were recensused in April-June 2002 , August-October 2004 , FebruaryMarch 2007 , and January-February 2008 . Over the course of the study, a total of 13 956 seedlings of 79 tree and shrub species were tagged.
To assess changes in understory light conditions over time after Hurricane Georges, hemispherical photographs were taken at a height of 1 m over the center of each seedling plot in March-April 1999 and again during seedling censuses in 2002, 2004, and 2007 . We analyzed the photos using an automatic thresholding program that classifies color digital photographs into binary images, with pixels in black representing vegetation and pixels in white representing sky. The program first uses an automatic global thresholding algorithm combined with a local thresholding algorithm in order to correct for local light anomalies (e.g., sun flecks, underexposure) in the photographs (Jonckheere et al. 2005 (Jonckheere et al. , 2006 . Following this step, the percent canopy openness was calculated based on the fraction of pixels classified as sky, after weighting zenith rings by the portion of the hemisphere they represent.
Analyses
To investigate the effect of land use history and changing light conditions in the understory on seedling dynamics following hurricane disturbance, we compared seedling density at each census, and seedling recruitment, mortality and growth rates across census intervals, in the two land use history categories. Values were calculated for each seedling plot and then differences in values among years and between land use categories were analyzed using ANOVAs, after appropriate transformations were performed to meet standard statistical assumptions. Differences between land use history categories in each census were tested for using Wilcoxon rank sum tests, with P values adjusted for multiple comparisons using the false discovery rate (FDR) method of Benjamini and Hochberg (1995) .
Because of differences in area sampled and seedling density, we used rarefaction to compare diversity between land use categories and among censuses. We used plot-based rarefaction to assess diversity on a per unit area basis by randomly drawing 10 seedling plots 1000 times and calculating the mean number of species per draw. Similarly, we calculated diversity on a per individual basis by randomly drawing 100 individuals 1000 times and calculating the mean number of species per draw. Ninety-five percentage confidence intervals around diversity estimates were based on the 25th and 975th ranked values from the 1000 draws. Differences in the species composition of the seedling layer over time and between land use history categories were compared using Morisita's index of dissimilarity, which is not sensitive to sample size or diversity (Wolda 1981) .
To test the hypothesis that seedlings of secondaryforest species are favored following hurricane disturbance, we examined changes in the seedling densities and relative abundances of 12 common tree species of known successional status (Thompson et al. 2002 ). Five of these species are considered latesuccessional species: Dacryodes excelsa, Manilkara bidentata, Sloanea berteriana, Tetragastris balsamifera (Sw.) Oken, and Guarea guidonia (L.) Sleumer. Another five are classified as secondary-forest species: Casearia arborea, Prestoea acuminata var. montana, Inga laurina (Sw.) Willd., Tabebuia heterophylla (DC.) Britton, and Alchornea latifolia Sw. The remaining two species, Cecropia schreberiana and Schefflera morototoni (Aubl.) Maguire, Steyerm. & Frodin, are considered pioneer species. Together, these 12 species make up 86% of the trees !10 cm dbh in the 2005 LFDP census and 80% of all seedlings encountered in the seedling plots during the study.
To test whether seedling survival and growth rates of late-successional and secondary-forest species were differently influenced by land use history and hurricane disturbance, we analyzed individual seedling survival and relative height growth rate (RGR) across each census interval as a function of: successional status (latesuccessional vs. secondary-forest species), land use history (low vs. high-intensity), and hurricane disturbance (damaged vs. recovered forest canopy), in addition to interactions among these three factors. Pioneer species were not included because of their small sample sizes. The results from the analysis of hemispherical canopy photos (Fig. 2) showed a distinct difference in canopy openness corresponding to high and low mean understory light levels between the initial and the later census times; therefore, we classified observations from the first census interval after Hurricane Georges as occurring under hurricane-damaged canopy and observations from later censuses as occurring under recovered canopy. Seedling survival was analyzed using a generalized linear mixed model with binomial errors, fit by the Laplace approximation (Bolker et al. 2009 ). Relative growth rate was analyzed using a linear mixed effects model with the REML estimation method (Venables and Ripley 2002) . For both survival and RGR models, we included plot and species as random effects. For the survival model, seedling height was included as a covariate because smaller individuals are more likely to die first, potentially biasing survival estimates over time (Zens and 
Peart 2003).
For the height growth model, individual was included as a random effect because we had repeated measurements of some individuals. The most parsimonious models were determined using Akaike's information criterion (AIC) to compare models of differing complexity. For the RGR analysis, AIC values were calculated based on linear mixed models fit by maximum likelihood (Venables and Ripley 2002) . All analyses were performed using R version 2.9.0 (R Development Core Team 2009). Dissimilarity indices were calculated using the ''vegan'' package (Oksanen et al. 2009) , and mixed models were carried out using the ''lme4'' package for R (Bates and Maechler 2009) .
RESULTS
Understory light conditions
Canopy openness varied over time (F ¼ 189.6, df ¼ 3, 566, P , 0.001) and differed between the high-intensity and low-intensity historical land use categories (F ¼ 29.6, df ¼ 1, 566, P , 0.001), with a significant interaction between census year and land use history (F ¼ 16.1 , df ¼ 3, 566, P , 0.001; Fig. 2 ). As expected, mean canopy openness was highest in March 1999 at the first measurement after Hurricane Georges, when compared to later censuses. In addition, percent canopy openness was significantly higher in the area of the plot that had been subjected to high-intensity land use in the 1920s and 1930s. This difference was particularly pronounced in 1999 (Fig. 2) , when canopy openness values were not only higher, but also significantly more variable among plots, in the high-intensity land use area compared to the low-intensity land use area (F ¼ 0.45, df ¼ 48, 100, P ¼ 0.011).
Seedling density and dynamics
Seedling densities varied over time (F ¼ 7.72, df ¼ 4, 740, P , 0.001) and with land use history (F ¼ 7.79, df ¼ 1, 740, P ¼ 0.005), but there was no significant interaction between the two variables (F ¼ 0.54, df ¼ 4, 740, P ¼ 0.71). Densities were consistently higher in the portion of the plot that had been historically subjected to high-intensity land use (Fig. 3A) , although post hoc tests for differences between the land use categories for individual censuses were not significant (all P . 0.05). In the high-intensity land use category, seedling densities were highest in the first two censuses following Hurricane Georges, and then declined over subsequent censuses until there was an increase in density in 2008 (Fig. 3A) . This apparent surge in seedling numbers in 2008, however, was driven by the recruitment of ;600 seedlings of one species (Prestoea acuminata) into a single seedling plot, and does not reflect the communitywide pattern. When this plot was removed from the analysis, seedling density in the high-intensity land use area declined across each census interval, but remained significantly higher than in the low-intensity area (P ¼ 0.007). In contrast, in the low-intensity land use category, seedling densities were highest approximately 3-4 years following Hurricane Georges (Fig. 3A) .
Seedling recruitment rates were also significantly affected by both land use history (F ¼ 4.05, df ¼ 1, 592, P ¼ 0.04) and time of the census interval relative to Hurricane Georges (F ¼ 2.78, df ¼ 3, 592, P ¼ 0.04), with no significant time 3 land use history interaction (F ¼ 1.70, df ¼ 3, 592, P ¼ 0.16). Recruitment rates were significantly higher in the high-intensity land use portion of the plot compared to the low-intensity area over all years ( Fig. 3B) , although differences between land use history categories were not statistically significant when each census interval was tested independently (all P . 0.05). Recruitment tended to decline with time after the hurricane, except for the recruitment pulse in 2008 in the high-intensity land use area (Fig. 3B) . As with seedling density, this pattern was due to high recruitment of a single species in one seedling plot. There was a significant effect of census interval on seedling mortality rates (F ¼ 10.2, df ¼ 3, 587, P , 0.001), with mortality increasing with time after hurricane disturbance (Fig. 3C) . The effect of land use history on seedling mortality was less clear (F ¼ 1.33, df ¼ 1, 587, P ¼ 0.25), and varied significantly with census interval (interaction term: F ¼ 3.17, df ¼ 3, 587, P ¼ 0.02). In the first census interval following the hurricane (census interval [2000] [2001] [2002] , mortality was higher in the high-intensity land use area than in the low-intensity area, while in subsequent intervals this pattern was reversed (Fig. 3C) . Relative height growth rates also varied significantly over time (F ¼ 13.5, df ¼ 3, 558, P , 0.001), with rates highest in the first census interval (2000) (2001) (2002) . However, growth did not vary between land use history categories overall (F ¼ 1.39, df ¼ 1, 558, P ¼ 0.24) or for any individual census interval (all P . 0.3).
Species diversity and community composition
More species were encountered in the seedling plots of the high-intensity land use area compared to the lowintensity area (Table 1) . However, this was due to the greater number of seedling plots (101 vs. 49 plots) and the higher density of seedlings in the high-intensity land use portion of the LFDP (Fig. 2) . Estimates of diversity based on rarefaction, which adjusted for differences in sampling effort and seedling density, indicated that the low-intensity land use area was consistently more diverse than the high-intensity portion of the LFDP on both a per area and per individual basis (Table 1 ). In both land use history categories, diversity on a per area basis declined over time, presumably due to decreasing seedling densities. On a per individual basis, diversity also declined over time in the high-intensity area, but not in the low-intensity area (Table 1) .
In both the low-and high-intensity land use history areas of the plot, the seedling layer was consistently dominated by two species: Prestoea acuminata, the common palm species that does well in secondary forest, and Guarea guidonia, a late-successional tree species (Table 2 ). In the area of the plot that had experienced high-intensity land use in the past, Inga laurina, a secondary-forest species, was consistently the third most common species in the seedling layer. Aside from these three species, the relative abundance and ranking of the remaining species varied considerably among censuses in both land use history categories. Overall, community composition was more consistent over time in the area with a low intensity of past land use, as indicated by relatively low values of Morisita's index of dissimilarity (Table 3A) . In contrast, in the high-intensity land use area, there was high dissimilarity in community composition between the initial census in 2000 and the census conducted two years later (Table 3B ). After 2002, however, values for community dissimilarity between consecutive censuses were low, indicating that the major shift in species composition occurred between the first and second censuses.
When comparing seedling species composition between the two land use history categories, dissimilarity was high in the initial census, but was substantially lower in later censuses (Table 3C ). In any given census, the two land use history categories had 40-60% overlap in the top 10 most common species (Table 2) . Nonetheless, there were several species that were only ever in the top 10 ranked species of the low-intensity land use area (Sloanea berteriana, Manilkara bidentata, Eugenia domingensis Berg), and several only in the top 10 ranked species of the high-intensity land use area (Piper glabrescens (Miq.) C. DC., Tabebuia heterophylla, Syzygium jambos (L.) Alston, Ocotea sintenisii (Mez) Alain).
When examining changes in relative abundance of the 12 focal species of known successional status, the relative abundances of the late-successional and secondary-forest focal species groups were initially similar in both land use history categories (Fig. 4A) . However, over time, the secondary-forest species group increased in relative abundance in the community, particularly in the portion of the plot with a history of high-intensity land use, while the late-successional species group appeared to be declining across most census intervals. However, this pattern was mainly driven by changes in the relative abundances of the two most common species in the seedling layer: the secondary-forest species Notes: Forty-nine 2 3 1 m seedling plots were censused in the low-intensity area, and 151 plots in the high-intensity area. Diversity was calculated as the mean number of species in a random sample of 10 seedlings plots (per area) and 100 individuals (per individual). Numbers in parentheses are 95% confidence intervals.
Prestoea acuminata, which increased in relative abundance, and the late-successional species Guarea guidonia, which declined in relative abundance over time, particularly in the high-intensity land use area (Fig. 4B ). When these two species were excluded, there was no clear trend over time in the relative abundances of late-successional vs. secondary-forest species (Fig. 4C) .
Successional status and species dynamics
The change over time in seedling densities of the 12 focal species in both land use history categories showed a variety of patterns (Fig. 5) , some of which could be explained by species' successional status. As expected, late-successional species tended to be found at higher densities in the portion of the LFDP with a low intensity of historical land use ( Fig. 5A-E) , while secondaryforest and pioneer species were typically more dense in the high historical land use intensity area (Fig. 5F-L) , reflecting the relative distribution of adult trees. One exception was the late-successional species Guarea guidonia, which had a greater density of seedlings in the high-intensity area than in the low-intensity area (Fig. 5E ). The majority of species showed a decline in seedling density as time passed after Hurricane Georges, with the pioneer species, Cecropia schreberiana and Scheflerra morototoni, and the secondary-forest species, Alchornea latifolia, showing the most dramatic drops in seedling density. However, seedling densities of several Seedling dynamics of the late-successional and secondary-forest focal species groups were differentially impacted by hurricane disturbance and land use history. The most parsimonious model for seedling survival included successional status, hurricane disturbance, and land use history, and all two-and three-way interactions between those variables (Table 4) . For seedlings of both late-successional and secondary-forest species, the probability of survival was higher in the census interval immediately following Hurricane Georges, when the canopy was more open, compared to subsequent intervals when the forest canopy had largely recovered from hurricane damage (Fig. 6A, B) . The probability of seedling survival following hurricane disturbance was considerably higher for secondaryforest species in the area of the plot that had only experienced a low intensity of historical land use (Fig.  6B) , contrary to the expectation that seedlings of secondary-forest species would benefit from the higher canopy openness in the area with high-intensity past land use. Seedlings of secondary-forest species also responded more strongly than late-successional species to hurricane disturbance in terms of height growth (Fig. 6C, D) . As with survival, seedling relative growth rates for both late-successional and secondary-forest species were higher in the first census interval following Hurricane Georges compared to subsequent intervals, particularly in the area with a low intensity of historical land use (Fig. 6C, D) . However, the most parsimonious model for growth did not include an interaction between successional status and land use history (Table 4) , indicating that growth rates of the two species groups were similarly affected by land use history. FIG. 5 . Seedling densities of the 12 focal species in each census in areas of the Luquillo Forest Dynamics Plot with a low intensity (solid line) and high intensity (dashed line) of past human land use. Species in panels A-E are classified as late-successional species, in panels F-J as secondary-forest species, and panels K-L as pioneer species.
DISCUSSION
Effect of land use history on seedling density and dynamics
We found that the effect of hurricane disturbance on forest regeneration at the seedling stage is significantly altered by land use history. Changes in the density and dynamics of the seedling layer following Hurricane Georges were more dramatic in areas that had been subjected to a high intensity of past human land use. Differences in seedling density and dynamics between the land use history categories are likely due in part to differences in understory light conditions. In the northern portion of the LFDP, which had experienced a high intensity of human land use in the past, we found significantly greater canopy openness compared to the southern area, which had experienced only light selective logging. This difference was particularly pronounced at the first measurement following Hurricane Georges, probably because secondary-forest species that dominate the canopy in the highly human-impacted area are more susceptible to damage during hurricanes (Zimmerman et al. 1994) . The pattern of greater canopy openness in the high vs. low land use intensity area persisted in later censuses, due either to slower recovery of the forest canopy in the high-intensity land use area or to differences in branching and leaf architecture of secondary-vs. primary-forest species.
Higher understory light levels in the high-intensity land use area likely drove the pattern of higher seedling densities in that part of the LFDP. In tropical forests, seedlings growing under intact canopies are typically Notes: Models include effects of species' successional status (SUCC), hurricane disturbance (HURR), and land use history (HIST), as well as interactions between those three factors. The lowest AIC value for each set of models (in bold) indicates the most parsimonious model. FIG. 6 . Seedling survival and growth (mean 6 SE) of (A, C) late-successional and (B, D) secondary-forest species groups in areas with low and high historical land use intensity and with hurricane-damaged and recovered forest canopy. Estimated probabilities of survival (for a seedling of average height) and relative growth rates (RGR) are based on results of full generalized linear and linear mixed models, respectively. light-limited (Chazdon et al. 1996) , and higher light levels usually increase seed germination, seedling growth, survival, and density , Montgomery and Chazdon 2002 , Barberis and Tanner 2005 . Our analyses of seedling dynamics revealed that the higher seedling densities in the high-intensity historical land use area were due to both higher recruitment and survival in that area of the LFDP over much of the study. The one exception was during the initial census interval, in which survival was lower in the high-intensity land use area. This may have been due to density-dependent mortality thinning out high-density patches, or to desiccation or sun scald of seedlings growing under more open canopies (e.g. , Gerhardt 1996) . This is consistent with a previous study in which we found that seedling survival in the Luquillo plot increased with increasing canopy openness at low to medium levels, but decreased at higher levels (Comita et al. 2009 ).
Land use history and species composition of the seedling layer
The seedling layer in both land use history categories was dominated by two species, Prestoea acuminata and Guarea guidonia. The high seedling density of P. acuminata is not surprising given that it is the most abundant species !10 cm dbh in the LFDP (Thompson et al. 2002) . In tabonuco forest, this palm species appears to thrive following human disturbance. Adult trees are particularly abundant in the area of the LFDP that had been clear cut in the 1920s (Thompson et al. 2002) , and this species has also been found to be associated with charcoal production in another tabonuco forest site in Puerto Rico (Garcı´a-Montiel and Scatena 1994 ). In addition, P. acuminata appears to be well-adapted to hurricane disturbance ). Adult trees of the species experience low mortality and rapid recovery following hurricanes, and P. acuminata seedlings show increased survival and growth rates in response to higher light availability under hurricane-damaged canopies Covich 2007, Comita et al. 2009 ).
Although considered a late-successional species, G. guidonia seedlings were also exceptionally abundant in both land use history categories. Guarea guidonia seedlings are known to be shade tolerant, but have been found to show increased growth and survival in hurricane-disturbed compared to undisturbed sites in Puerto Rico and may depend on canopy disturbance for successful regeneration (Sustache 2004) . The surprisingly high abundance of this species in the seedling layer of the high-intensity land use history area is likely due to the fact that part of that area had been used to grow coffee in the 1920s (Thompson et al. 2002) . In Puerto Rico, G. guidonia was often associated with coffee cultivation, along with leguminous species Inga vera and Inga laurina (Garcı´a-Montiel and Scatena 1994) , and tends to increase in abundance following abandonment of coffee plantations (Weaver and Birdsey 1986) . This illustrates the fact that forest composition is influenced not only by the intensity, but also the type of past land use, and that the resulting signature on species' abundances can often be idiosyncratic (Rivera et al. 2000 , Grau et al. 2003 , Uriarte et al. 2004b ).
In addition to P. acuminata and G. guidonia, several species tended to be relatively common in the seedling layer of both the high-and low-intensity land use history areas. Furthermore, values of Morisita's index of dissimilarity suggest that overall species composition was quite similar in the two areas, with the exception of the initial census after Hurricane Georges. In fact, differences in species composition between the land use areas were similar to, or less than, changes within each of the areas over the course of the study. Nonetheless, clear differences in composition between the two land use history areas were found. The majority of common species were among the top 10 most abundant species in only the high-intensity or only the low-intensity historical land use area. In addition, of the focal species of known successional status, the late-successional species were typically more abundant in the lowintensity land use history area, while the secondaryforest species were typically more abundant in the highintensity land use history area. The low-intensity land use history area also consistently supported a higher diversity of species, both per unit area and per individual. These patterns reflect the distribution and diversity for trees !10 cm dbh in the LFDP: Thompson et al. (2002) found that the least human-impacted portion of the LFDP supported the highest species richness, and number of rare and endemic species, and had higher densities of late-successional species. Thus, differences between land use history categories in seedling composition and diversity are likely driven in part by the spatial distribution of reproductive adult trees combined with local seed dispersal (Uriarte et al. 2005) .
In the high-intensity land use history area, diversity of the seedling layer peaked in the first census following Hurricane Georges and then dropped over time. Hurricane disturbance increased not only the mean, but also the variance in canopy openness in the highintensity land use portion of the LFDP, providing a wider range of light conditions that may have temporarily supported a more diverse assemblage of species with increased representation of light-demanding pioneer species in the seedling layer. However, as the canopy closed, seedlings of more light-demanding species died off. Over time, the dominance of a few species increased, causing a drop in diversity in the highintensity land use history area.
Hurricane disturbance and land use legacies
It has been hypothesized that hurricanes could prolong human land use legacies by creating conditions that promote the regeneration of secondary-forest species ). Consistent with this, we found that secondary-forest species exhibited higher seedling growth and survival following hurricane disturbance, and that the response of secondary-forest species to hurricanes was greater than that of latesuccessional species. This likely reflects the overlap between traits that allows species to colonize or thrive following human disturbance and traits that give species an advantage following hurricane disturbance (Foster et al. 1998b , Pascarella et al. 2004 , Uriarte et al. 2004a ). In particular, species that are able to survive well, and increase growth rates under high light conditions, should prosper following both human and hurricane-mediated disturbance. For this reason, we expected seedlings of secondary-forest species to perform best in the highintensity historical land use area because canopy openness was highest in that area. However, the increase in performance due to hurricane disturbance occurred predominantly in the area of the plot that had only experienced a low intensity of past human disturbance. As noted earlier, this may be due to sun scald or desiccation of seedlings growing under more open canopy in the high-intensity land use history area. Thus, while we found evidence that hurricanes promote the regeneration of seedlings of secondary-forest species, contrary to our expectations, this effect was not amplified in areas dominated by adult trees of these species.
The pioneer species C. schreberiana and S. morototoni and the light-demanding secondary-forest species A. latifolia (which is considered a pioneer in some studies, e.g., Walker et al. 2003 ) did show elevated seedling densities in the high-intensity land use history area in the first census following Hurricane George, suggesting that they are capable of tolerating post-hurricane conditions in that area. In subsequent censuses, however, these species declined drastically in the seedling layer, suggesting that pioneers play a limited role in forest recovery following hurricane disturbance, consistent with observations in previous studies (Chazdon 2003) .
Our results suggest that the greater damage and mortality of adult trees of secondary-forest species during hurricanes is not offset by enhanced recruitment of their seedlings in human-impacted secondary forests. This suggests that the net effect of hurricanes in highly human-impacted forests is to reduce the abundance of secondary-forest species, consistent with the hypothesis that hurricanes help erase the signature of past land use (Zimmerman et al. 1994 , Ogle et al. 2006 . However, hurricanes do appear to promote the regeneration of seedlings of secondary-forest species in areas that have had little direct human disturbance, potentially increas-PLATE 1. Sunlight hitting the forest floor in the Luquillo Experimental Forest, Puerto Rico. Photo credit: John Bithorn.
July 2010ing the abundance of secondary-forest species in less human-impacted areas. Seeds of secondary-forest species are probably able to arrive at and win sites in these less human-impacted areas at a higher frequency than before human disturbance because human disturbance has resulted in an elevated abundance of reproductive adults of these species across the landscape, thereby decreasing recruitment limitation.
Future forest composition will not be identical to that of the seedling layer, but rather will be determined by multiple processes that act on seedlings and saplings to influence which individuals and species ultimately win a place in the canopy. The relative importance of the short term (,5 year) effects of hurricane disturbance on seedling dynamics shown here, compared to other factors, is not yet known. Based on our current results, it appears that hurricanes may act to homogenize differences in species composition between areas with differing land use histories by promoting the regeneration of secondary-forest species in less human-impacted areas. This idea is further supported by the results of a forest simulator constructed using 15 years of data on sapling and tree dynamics in the Luquillo forest (SORTIE-PR; Uriarte et al. 2009 ), which predicted that hurricanes will increase the community similarity of areas with differing land use histories and that the Luquillo forest will become an increasingly homogenous mix of both primary-and secondary-forest species.
Given the increasing extent and importance of human-impacted forests in the tropics (ITTO 2002 , Chazdon 2003 , FAO 2005 , there is a pressing need to understand the landscape-and stand-level processes that will determine the composition of these communities. Understanding the responses of each life history stage to past land use is a critical component of predicting and managing secondary-forest recovery in the tropics. Previous studies have found that past human land use can continue to have a signature on species composition of forests for centuries (Finegan 1996) . Our results suggest that through effects on seedling regeneration, hurricanes may extend the signature of land use history beyond the average recovery time of forests that are not subject to such intense natural disturbance events. These effects may be amplified in the future given predicted increases in hurricane intensity and frequency (Emanuel 2005 , Webster et al. 2005 , Holland and Webster 2007 . The challenge now is to determine the implications of changes in species composition in primary forest, and a prolonged recovery from human disturbance in secondary forest for ecosystem function and biodiversity conservation.
